Shardonofsky FR, Moore J, Schwartz RJ, Boriek AM. Airways in smooth muscle ␣-actin null mice experience a compensatory mechanism that modulates their contractile response. J Appl Physiol 112: 898 -903, 2012. First published December 1, 2011 doi:10.1152/japplphysiol.00417.2011We hypothesized that ablation of smooth muscle ␣-actin (SM ␣-A), a contractile-cytoskeletal protein expressed in airway smooth muscle (ASM) cells, abolishes ASM shortening capacity and decreases lung stiffness. In both SM ␣-A knockout and wild-type (WT) mice, airway resistance (Raw) determined by the forced oscillation technique rose in response to intravenous methacholine (Mch). However, the slope of Raw (cmH2O·ml Ϫ1 ·s) vs. log2 Mch dose (g·kg Ϫ1 ·min Ϫ1 ) was lower (P ϭ 0.007) in mutant (0.54 Ϯ 0.14) than in WT mice (1.23 Ϯ 0.19).
SMOOTH MUSCLE 〈-ACTIN (SM ␣-A) is a highly conserved contractile and cytoskeletal protein, which in the normal lung is expressed in SM cells located in the wall of conducting airways, split ends and bends of alveolar septae, blood vessels larger than capillaries, and pericytes (21) . Furthermore, SM ␣-A is expressed in myofibroblasts and fibrocytes found in the lung's connective tissue (29) . In SM cells, actin is found in monomeric globular (G) and polymeric filamentous (F) forms. The latter constitutes the backbone of thin filaments, which are arranged in hexagonal arrays surrounding myosin (thick) filaments, forming cablelike bundles oriented in the direction of the long axis of airway myocytes (16) . Actin filaments are anchored to cytosolic dense bodies (6) , nuclear envelopes (16) , and adhesion complexes or dense plaques that link actin and other cytoskeletal filaments to the cytoplasmic domains of transmembrane integrins (35) . In response to contractile cell stimulation, cross-bridge formation between myosin heads and actin filaments cause the sliding of myosin heads on actin filaments, producing active tension and shortening and stiffening of SM cells (12) . Concomitantly, contractile stimulation promotes actin polymerization along with the assembly of a range of cytoskeletal and adhesion complex proteins at the cell membrane. This enhances both the stiffness of submembranous areas and the connectivity of contractile filaments, cytoskeletal filament lattice, and cell membrane. These processes provide a pathway for active stress transmission between cycling actomyosin cross bridges, the cell membrane, and the extracellular environment (8) . Actin polymerization is a highly regulated process (4, 8) that may have a mechanistic role in the bronchoprotective effect of tidal breathing and deep inspiration on the development and persistence of agonist-induced airway narrowing (17, 30) that typically occurs in healthy individuals and experimental animals and is impaired in asthmatic subjects (14, 25, 28) . We hypothesized that SM ␣-A expressed in airway smooth muscle (ASM) cells is critical for airway contractile responses. Furthermore, we hypothesized that SM ␣-A contributes to lung stiffness under baseline conditions. The rationale for these hypotheses is based on the functions of SM ␣-A in ASM cells (8, 35) , the distribution of SM ␣-A expressing cells within the lung (21, 29) , the observation that load-bearing proteins expressed in airway myocytes affect lung elastic properties (27) , and the reported nearly complete abrogation of vascular smooth muscle (VSM) contractile capacity in the absence of SM ␣-A expression (23) . To this end, the lung mechanical properties and airway contractile responses to cholinergic stimulation of wild-type (WT) mice and of mice having a targeted transcription inactivation of the gene encoding for SM ␣-A (KO) were measured. In contrast to the nearly absent contractile capacity of VSM tissue reported for SM ␣-A null mice (23) , the airway contractile responses obtained in our SM ␣-A null mice were preserved albeit diminished relative to that in WT counterparts. Reverse transcriptase polymerase chain reaction (RT-PCR) analysis performed on excised lung tissues confirmed that mutant mice lacked SM ␣-A mRNA and revealed changes in the expression of mRNAs encoding for actin isoforms and SM22, which were differentially influenced by mechanical ventilation-induced lung mechanical strain.
METHODS
Respiratory system input impedance (Zin,rs) spectra at different levels of positive-end expiratory pressure (PEEP) and airway responsiveness to cholinergic stimulation were determined in SM ␣-A KO mice of C57BL/6J background (23) and compared with those obtained in WT C57BL/6J mice. RT-PCR analysis was performed on lung tissues excised from both groups of mice to confirm that the expression of SM ␣-A mRNA was absent in mutant mice and to examine possible variations in the expression of mRNAs encoding for actin isoforms and SM22 associated with inactivation of SM ␣-A gene transcription. Finally, the effects of cyclic lung stretch of a magnitude greater than that occurring in anesthetized, spontaneously breathing animals on the expression of mRNA encoding for actin isoforms and SM22 in lung tissues procured from both groups of mice were assessed. The experiments carried out in the current study were approved by the Animal Research Ethics Board at Baylor College of Medicine.
Animal preparation. Mice were housed at the Baylor College of Medicine animal facility under standard conditions of temperature and dark and light periods, fed regular chow and water, and studied at 6 -7 wk of age. Respiratory system mechanics and airway responsiveness to cholinergic stimulation were determined on groups of WT and mutant mice consisting of eight animals each, weighing (mean Ϯ SD) 20.6 Ϯ 3.3 and 23.6 Ϯ 2.2 g, respectively (P ϭ NS). Mice were anesthetized, tracheotomized, paralyzed, and mechanically ventilated with a computer-controlled small-animal ventilator (Flexivent, Scientific Respiratory Equipment, Montreal, Canada) in the supine position as previously described (24, 27) . Mice were ventilated with room air, tidal volume of 10 ml/kg, breathing rate of 3 Hz, and PEEP of 0 cmH 2O. Measurements of Zin,rs. Zin,rs spectra were obtained using the forced oscillation technique as previously reported (24) . To this end, airway pressure and piston displacement data were initially sampled with mice kept at a PEEP of 0 cmH 2O, 60 s after the respiratory system was inflated to a transrespiratory pressure (Prs) equal to 30 cmH2O to standardize its volume history. Subsequently, data were sampled at PEEP levels of 2 and 8 cmH2O, always 60 s after lung inflation to a Prs of 30 cmH2O. Between data sampling performed at increased PEEP levels, mice were returned to a PEEP of 0 cmH2O for 1 min. This procedure was followed to sample data under baseline conditions and under steady-state mechanical conditions during each administered dose of methacholine. The mechanical properties of airway and respiratory tissues were partitioned by fitting Zin,rs spectra to a constant-phase model of the respiratory system, which features a frequency-independent resistance (Raw) and inertance (Iaw) in series with a constant-phase tissue compartment containing tissue damping (G) and stiffness (H) parameters that reflected energy dissipation and energy storage in the respiratory tissues, respectively (10, 24) :
where ␣ is (2/) arctan (H/G). Zin,rs, coherence function, and constant-phase model parameters were computed using the Flexivent software. As expected, the values for Iaw were negligible and therefore were not reported. Results were corrected for the effects of gas compression within the measuring equipment and flow resistive pressure loss across the tracheal cannula.
Assessment of airway responsiveness. After Zin,rs spectra were collected under baseline conditions, airway narrowing was induced in mice by infusing intravenously a solution containing 300 g/ml of acetyl-␤-methylcholine chloride (methacholine; Sigma Chemical, St. Louis, MO) using a syringe infusion pump (Raze Scientific Instruments, Stanford, CT) at an initial rate of 0.008 ml/min; the infusion rate was progressively doubled to a maximum of 0.272 ml/min. At each methacholine dose, Zin,rs spectra data were acquired when the respiratory system achieved an apparent mechanical steady state at PEEP levels of 0, 2, and 8 cmH 2O. At the end of each set of experiments, mice were killed by exsanguination. For each animal, the values for Raw were plotted as a function of log 2 transformed methacholine dose values. Because most of the mice did not achieve a plateau in the Raw-methacholine dose relationship, the degree of airway responsiveness was assessed in terms of reactivity or slope of the quasi-linear portion of the Raw vs. log 2 methacholine dose relationship (27) . The latter were computed by fitting data obtained in each mouse between methacholine log 2 doses of 8.9 and 11.9 g·kg Ϫ1 ·min Ϫ1 to a linear function using multiple linear regression analysis (see Fig. 2 ).
Effects of mechanical ventilation-induced lung stretch on the expression of mRNAs encoding for actin isoforms and SM22. Groups of mutant and WT mice consisting of four animals each were anesthetized as previously described (27) and were either allowed to breathe spontaneously for 30 min or were mechanically ventilated for 30 min via a tracheal cannula using a Harvard apparatus that was delivered room air at a tidal volume of 20 ml/kg at a rate of 2.5 Hz; subsequently, mice were killed and their lungs, including airways and parenchyma, hearts, hindlimb skeletal muscles, and small intestine were immediately excised. Total RNA was isolated using RNeasy Kit (Qiagen), following a protocol specified for animal tissues. Semi-quantitative RT-PCR analyses were carried out on the extracted RNA. First-stand cDNA synthesis was performed with the SuperScript II System (Invitrogen) in a volume of 60 l using 1.2 g RNA and oligo-dT, followed by PCR amplification using Platinum Taq DNA polymerase (Invitrogen) and gene specific primers for SM ␣-A, smooth muscle ␥-actin (SM ␥-A), SM 22, skeletal muscle ␣-actin (SKM ␣-A), and cardiac muscle ␣-actin (Ca ␣-A) ( Table 1) . DNA products were resolved on 2% agarose gels.
Statistical analysis. Data were expressed as means Ϯ SE. Values of Raw, G, and H obtained under baseline conditions at each level of PEEP studied in WT and KO mice were compared using non-paired t-test. The effects of PEEP on respiratory mechanics were assessed using analysis of variance and Bonferroni test. The values for slope of the linear portion of methacholine log2 dose-Raw relationships obtained in the two groups of mice studied were compared using non-paired t-test. A P value Ͻ0.05 was considered to be statistically significant. The SPSS 9.0 software package (SPSS, Chicago, IL) was used to perform the statistical analysis. 
Table 1 Primers used for RT-PCR analysis

RESULTS
Inactivation of SM ␣-A transcription did not alter the mechanical properties of the lung under baseline conditions.
Under baseline conditions, the average values for Raw, G, H, and and their PEEP-dependent variations in KO mice were similar to those of WT mice (Fig. 1) .
Airway contractile responses were noted in the absence of SM ␣-A expression. In both groups of mice, Raw rose in response to cholinergic stimulation in a dose-dependent fashion (Fig. 2) ), which amounted to 0.54 Ϯ 0.14 and 1.23 Ϯ 0.19 for KO and WT, respectively (P ϭ 0.007). Inactivation of SM ␣-A transcription did not alter the PEEP-dependent variations of Raw and of lung tissue mechanical properties during methacholine-induced constriction. This is shown by the values for Raw, H, G, and obtained in the two groups of mice at similar degrees of methacholine-induced increase in Raw (i.e., log 2 methacholine doses of 9.67 Ϯ 0.05 and 10.97 Ϯ 0.09 g·kg Ϫ1 ·min Ϫ1 for WT and mutant mice, respectively; Fig. 3) .
Expression of mRNAs encoding for actin isoforms and SM22. The results of RT-PCR analysis performed in lung, intestine, heart, and hindlimb skeletal muscle excised from representative WT and KO mice that were either allowed to breathe spontaneously for 30 min or were mechanically ventilated with a tidal volume of 20 ml/kg for the same period of time are shown in Fig. 4 . Regardless of the intervention prescribed prior to harvesting of tissues, SM ␣-A mRNA was found to be expressed in lung, heart, and intestine excised from WT mice, whereas it was consistently absent in tissues removed from KO mice, confirming that transcription of SM ␣-A gene did not occur in the latter group of mice. Notably, KO mice displayed robust compensatory expressions of SM ␥-A mRNA in lung and heart and of SKM ␣-A mRNA in lung tissue. Neither SM ␥-A mRNA or SKM ␣-A mRNA were expressed in lung and heart tissues procured from WT mice. Furthermore, the level of SM22 mRNA expression in lung and intestine tissues excised from KO mice was enhanced relative to that obtained in the corresponding tissues excised from WT mice. As shown in Fig. 4 , the expression level of SM ␣-A mRNA in lung tissues excised from mechanically ventilated , respectively (see Fig. 3 ). Values (mean Ϯ SE) for Raw, G, H, and are plotted as a function of PEEP in A, B, C, and D, respectively; 8 mice were studied in each experimental group.
WT mice was enhanced relative to that obtained in lungs removed from WT mice that were not mechanically ventilated. Among KO mice, mechanical ventilation produced an upregulated expression of SM ␥-A mRNA and SM22 mRNA in lung tissues, relative to the levels noted in mice that were allowed to breathe spontaneously prior to tissue harvesting. In both groups of mice, SM ␥-A mRNA was expressed in intestine and CA ␣-A mRNA was expressed in heart and skeletal muscle, their levels being independent of mechanical ventilation.
DISCUSSION
We studied the contractile and load-bearing functions of SM ␣-A expressed in pulmonary smooth muscle cells by comparing the mechanical properties of the respiratory system and airway responsiveness to cholinergic stimulation of both SM ␣-A KO and WT mice. In contrast to the complete disruption of vascular smooth muscle contractile function, which has been previously reported in SM ␣-A KO murine model by Schildmeyer et al. (23), our results have shown that the airway contractile capacity in these mice was preserved (Fig. 2) . This suggests that in KO mice, airway myocytes likely experienced a compensatory expression of a non-SM ␣-A contractile protein. Thus myosin was able to interact with an actin isoform and produce active ASM cell shortening during cholinergic stimulation. It has been shown that relative to WT animals, SM ␣-A KO mice exhibit an enhanced transcription of genes encoding for non-SM ␣-A actin isoforms and other SM structural proteins in kidney myofibroblasts (31) , bladder (36) , and vascular tissues (22) . In line with these findings, lung tissues harvested from our KO mice have shown a robust expression of mRNAs encoding for SM ␥-A and SKM ␣-A, which were not expressed in the lungs of WT mice, and an augmented expression of SM22 mRNA relative to that in WT mice (Fig.  4) . Our results did not provide direct data to elucidate the mechanism of a preserved ASM cell contractile capacity in the absence of SM ␣-A expression. However, a plausible explanation may be found in a study by Harris and Warshaw that showed that actin isoforms, including SM ␣-A, SKM ␣-A, and SM ␥-A are capable of interacting with SM myosin in vitro, showing similar velocities of actin propulsion (11) . Thus, if SKM ␣-A mRNA and SM ␥-A mRNA were translated into the corresponding protein products in mutant airway myocytes, SM myosin could have interacted with either actin isoform in response to contractile cell stimulation. Because it has been reported that the arterial contractile capacity of SM ␣-A KO mice is abolished despite an augmented expression of SKM ␣-A in vascular tissues (23), we surmised that SM ␥-A was the putative actin isoform that accounted for the preserved airway contractile capacity in the absence of SM ␣-A expression. This is indirectly supported by our observation that cyclic lung inflation greater than that under tidal spontaneous breathing conditions modulates the expression of actin isoform mRNAs in lung tissue, increasing the expressions of SM ␣-A mRNA in WT mice and of SM ␥-A mRNA in mutant mice (Fig. 4) . It has been suggested that the distribution of SM actin isoforms depends on the tissue's contractile function. SM ␣-A is mainly expressed in vessels and lower esophageal sphincter, which exhibit a tonic contractile state under physiological conditions, whereas SM ␥-A is chiefly expressed in intestine, which exhibits peristaltic contractile activity (5). Whereas SM ␥-A mRNA was absent in the lungs of our WT mice, SM ␥-A has been shown to be expressed in ASM cells harvested from humans (18, 22) and Fisher rats (22) . The reason of the discrepancy in SM ␥-A expression in the airways between humans and mice is not known. The decrease of airway responsiveness noted in our KO compared with WT mice (Fig. 2 ) would indicate that a putative compensatory expression of SM ␥-A failed to fully restore the active shortening capacity of airway myocytes in KO mice to the levels shown by ASM cells of WT mice. This suggests that despite the high degree of structural homology of SM ␣-A and SM ␥-A (33), they may exhibit functional specificities that are not well understood. This notion is in line with the observation that the ectopic expression of SM ␥-A in cardiomyocytes rescued cardiac ␣-A knockout mice but did not bring back their cardiac function to a normal level (15) . Other mechanisms that could have altered the airway responsiveness in our KO mice such as diminished amounts of airway smooth muscle cells and/or lower values for cardiac output relative to those in WT mice have not been investigated.
The potential contribution of SM ␣-A to lung stiffness is difficult to assess. This is because of our observation of the Fig. 4 . RT-PCR analysis performed on lung, heart, skeletal muscle, and intestine excised from representative WT and SM ␣-A mice studied after either spontaneous breathing (SB) or mechanical ventilation (tidal volume ϭ 20 ml/kg). GADPH, glyceraldehyde 3-phosphate dehydrogenase, was used as internal control.
unexpected compensatory expression of a non-SM ␣-A actin isoform in ASM cells of KO.
In the present study we examined the expression of SM22 mRNA under conditions of absence of SM ␣-A expression because SM22 has been shown to interact with SM ␣-A (7), playing a role in the organization of the actin cytoskeleton in SM cells (9, 23) . Among spontaneously breathing mice, the increased abundance of SM22 mRNA found in lung and intestine excised from KO mice relative to that noted in corresponding tissues of WT mice is intriguing (Fig. 4) and might reflect mechanisms to organize the cellular cytoskeleton under conditions of abnormal actin isoform expression. The expression of SM22 has been shown to be modulated by mechanosensitive signaling pathways (19) depending on the nature of the mechanical stimulus. Whereas uniaxial strain is associated with an increased expression of SM22 mRNA (1, 7), biaxial mechanical strain decreases the abundance of SM22 promoter (19) . Among KO mice, the expression of SM22 mRNA in lung tissue was found to be enhanced in mice ventilated with a supra-physiological tidal volume relative to that noted in lung tissues procured from KO mice that were breathing spontaneously (Fig. 4) . This result is in line with the notion that ASM cells in situ undergo an axial tensile strain coupled with a compressive transverse strain as lung volume increases. In contrast, the expression of SM22 mRNA in lung tissues excised from WT mice was not altered by mechanical ventilation. The mechanical stretch-induced upregulation of SM ␣-A mRNA and SM ␥-A mRNA expressions in the lungs of our WT and KO mice, respectively, resembles the response of prealveolar murine lungs to mechanical stretch in that an increase in lung distending pressure has been associated with an augmented number of cells expressing SM ␣-A and activation of genes encoding for specific SM cytoskeletal proteins in lung tissues (26) . Mechanical strain of mature tissues containing VSM cells such as portal vein has also been shown to augment the expressions of SM ␣-A and SM22 as well as of desmin, tropomyosin, and caldesmon above the expression levels determined in nonperturbed tissues (1, 32, 34) . The activation of genes encoding for specific smooth muscle contractile and cytoskeletal proteins that occurs in response to mechanical stretch requires actin polymerization and cytoskeletal reorganization, processes that involve the activation of various kinases such as RhoA kinase and mitogen protein kinase (32, 34) . Although the expressions of actin isoforms and SM22 in ASM cells were not confirmed by immunohistochemistry studies and measurement of specific protein levels in lung tissue, the airway contractile capacity to cholinergic stimulation in SM ␣-A null mice suggests that ASM cells were a source of mRNAs encoding for actin isoforms and SM22 in lung tissues procured from mutant mice. To the best of our knowledge, an absence of SM ␣-A has not been reported in humans; however, mutations in the gene encoding for SM ␣-A has been associated with arterial aneurysm formation as well as dysmotility of bladder, intestine, and pupils (3, 20) .
In summary, the pulmonary phenotype of SM ␣-A null mice revealed unexpected features, including essentially unaltered dynamic mechanical properties of the respiratory system of the mutant mice, airway hyporesponsiveness to cholinergic stimulation, and increased expression of SM ␥-A mRNA, SKM ␣-A mRNA, and SM22 mRNA in lung tissues. Cyclic lung stretch of a magnitude greater than that occurring during resting breathing conditions caused an increased expression of SM ␣-A mRNA in the lung of WT mice, whereas it enhanced the expression of SM ␥-A and SM22 in the lungs of mutant mice. Our results indicate that inhibition of the transcription of the gene encoding for SM ␣-A is most likely triggering a compensatory expression of actin isoforms that offset the functional consequences of a lack of SM ␣-A expression in ASM cells. In SM ␣-A null mice, the discrepancy between a preserved airway contractile capacity and a nearly absent vascular contractile function is tantalizing and might reflect a key role of bronchial myogenesis and ASM contractile function during lung development (13) . 
